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Introduction
The Hanford Site, in southeastern Washington State, has 149 underground single-shell tanks (SSTs) to store hazardous radioactive waste. A number of these tanks and their associated infrastructure (e.g., pipelines, diversion boxes) have leaked. While some of the leaked waste has entered the groundwater, the majority still resides in the vadose zone. Corrective measures are being taken to mitigate the groundwater impacts from past leaks and spills from contaminants that still reside within the vadose zone.
Washington River Protection Solutions, LLC (WRPS) has constructed three interim surface barriers (ISBs, identified as south, north, and expansion barriers, respectively) in 2018 over the 241-SX Tank Farm (SX tank farm, SX farm) in the 200 West Area to minimize the migration of the residual contaminants in the vadose zone. The ISBs at SX farm are the first few of the ISBs called for in the Hanford Federal Facility Agreement and Consent Order Milestone M-045-92. 1 The monitoring plans for the south and north ISBs are given in Henderson (2011a) and Henderson (2011b) . The following provides the background of the SX tank farm and other ISBs at the Hanford, followed by the objectives and scope of this document.
SX Tank Farm
According to Henderson (2011a) and Henderson (2011b) , the SX tank farm was constructed between years 1953 and 1954. The SX tank farm contains fifteen 100-series SSTs, each with a diameter of 23 m (75 ft) and a capacity of 3,785,000 L (1 million gallons), waste-transfer lines, leak-detection systems, and tank ancillary equipment. The soil depth from the ground surface above the tanks to the apex of the tank domes is approximately 2.4 m (8 ft). Figure 1 shows the SX tank farm within the S-SX waste management area and surrounding facilities in the 200 West Area. The SX tank farm was constructed into the upper Hanford formation sediments. The upper 12 m (40 ft) of the Hanford formation was locally excavated and backfilled with gravelly sand during installation of the SSTs. Stratigraphic units in the vadose zone underlying or adjacent to these tank farms (from top to bottom) include backfill materials and naturally occurring Hanford formation sediments, the Plio-Pleistocene unit, and the Miocene-to Pliocene-age Ringold Formation (CHG 2002) .
A detailed discussion of the historical information associated with tank leaks and unplanned releases is provided in Johnson and Field (2010) , which identified the numerous evaluations that have been performed using both in-tank and ex-tank data to investigate the nature and extent of subsurface contamination in the SX tank farm. Ten of the fifteen tanks in the SX tank farm are suspected leakers (i.e., tanks SX-104, and SX-107 through SX-115).
Surface Barriers and Monitoring
The construction of an ISB using felt with a polyurea coating was completed in the T tank farm in April 2008. The construction of a modified asphalt ISB over the contaminant plume within the TY farm was completed in August 2010. There is an ongoing monitoring program in place for the T and TY farm ISBs (Zhang et al. 2010) . The construction of the three modified asphalt ISBs over the contaminant plume within the SX farm was completed in 2018. The approximate footprints of the three barriers are shown in Figure 2 . The expansion barrier covers tanks 101 through 103 and the north part of tanks SX-104 through SX-106. The north barrier covers the south part of tanks SX-104 through SX-106 and entirely covers tanks SX-107 through SX-109. The south barrier entirely covers tanks SX-110 through SX-115.
These ISBs intercept the natural precipitation and divert the intercepted water to the evapotranspiration basin outside of the tank farms ( Figure 2 ). It is expected that the ISBs will prevent the meteoric water from entering soil and consequently reduce the rate of downward movement of flow and dissolved contaminants. At shallower depths, there will be no water supply from above to replace the draining water, and hence, the drainage rate will decrease more quickly. At larger depths, the soil will keep receiving drainage from the soil above for some time, and the drainage rate will decrease relatively more slowly. Therefore, it may take a very long time (e.g., years or decades) for drainage rates deep in the profile to decrease significantly. As the soil below the ISBs becomes drier, the soil in the uncovered region near the vertical plane directly beneath the barrier edge will also become drier than it would be if there were no surface barrier.
Subsurface monitoring is integral to achieving acceptance of the ISBs. The subsurface water conditions are monitored to document changes in soil moisture over time and demonstrate that the ISBs are effectively reducing the water flux into a contaminated region. Figure 2 . The SX tank farm with the interim surface barriers and the evapotranspiration basin.
Objectives and Scope
The objective of monitoring the SX ISBs is to measure the water condition of the soil beneath the ISBs and demonstrate that the ISBs perform as intended. This document summarizes the monitoring system in the SX tank farm. After a brief introduction in Section 1, Section 2 presents the measurement sensors used and their calibration results. Section 3 summarizes the layouts and installation of the sensors in each of the instrument nests. Section 4 presents the schedule of data collection, data validation, and data reporting. Section 5 discusses the quality assurance plan used to verify the quality of the work.
South Barrier North Barrier
North Expansion Barrier
Evapotranspiration Basin
Instruments and Calibration
This section documents the instruments and their calibrations in addition to the normalization of the heat dissipation units (HDUs). The instruments in the SX farm are grouped into two nests: SX1 for the south ISB and SX2 for the north ISB.
HDU and Watermark Sensors
Two types of sensors are used to monitor the soil moisture condition beneath the SX ISB. The HDUs were manufactured by Campbell Scientific, Inc. (CSI, called "229 Heat Dissipation Matric Water Potential Sensor", Figure 3a ). The ceramic cylinder of the HDU has a diameter of 1.5 cm (0.6 in.) and a length of 3.2 cm (1.26 in.) .
The Watermark 200 (CSI sensor Model 257-L) soil matric potential sensors were manufactured by Irrometer Company, Inc. and distributed by Campbell Scientific, Inc. (Figure 3b ). The Watermark sensor has a diameter 1.91 cm (0.75 in.) and length of 8.26 cm (3.25 in.) . 
Sensor Normalization and Calibration
The thermal and/or hydraulic properties of the sensing part of each HDU or the Watermark sensor are slightly different from those of other sensors of the same types because of the variation of the materials used, requiring that instrument normalization be performed (HDUs only) and calibrations be developed (HDUs and Watermark).
HDU Normalization
A normalization process is used to minimize instrument-dependent readings. evaluated calibration equations for six HDUs and suggested normalizing the temperature increase according to: (1) where SΔT is the scaled temperature rise during a fixed time period (30 seconds for the HDUs used in the T and TY farms), ΔT is the temperature increase, and subscripts "d" and "w" denote the temperature increases for a dry and water-saturated ceramic matrix, respectively. This relation results in a range of 0 to 1 for dimensionless temperature. The matric potential is related to the dimensionless temperature rise by an empirical model.
The procedures for normalizing these HDUs are given in Appendix A. The normalization of HDUs for the SX tank farm lasted for at least 24 hours and data were collected every 15 minutes. The mean () and standard deviation () of temperature changes were calculated for the data over the last 24 hours. During this period, there were 96 observations for the dry condition and 97 for the wet condition.
The mean and standard deviations of temperature changes for the 13 HDUs normalized are summarized in Table 1 . The standard deviation ranged between 0.008 and 0.013 C, indicating very a small error that is acceptable. 
HDU and Watermark Sensor Calibration
The HDUs installed in the SX tank farm were calibrated in the laboratory with the soil water potential range from 0.1 to 0.9 bar using a pressure chamber. The calibration was performed following an approved procedure (Appendix A).
After the system reached the equilibrium condition, the pressure was released and at least five observations were taken for each pressure. The mean and standard deviations of temperature changes (for each of the HDUs) or resistance (for each of the Watermark sensors) were calculated over the last five observations after the temperature effects were corrected to 20C. Table 2 tabulates the mean of resistance (kOhm) for the Watermark sensors and temperature changes (C) for HDUs under different pressure conditions. HDU #6 did not respond at the 200 mbar pressure. Except for HDU #6, all the other sensors responded to all the pressure. The results indicate HDU #6 might have a high air-entry that is over 200 mbar. The higher air-entry pressure makes HDU #6 unable to measure a matric potential wetter than -200 mbar. Table 3 tabulates the standard deviation of resistance (kOhm) for the Watermark sensors and temperature changes (C) for HDUs under different pressure conditions. Note that the measurement for HDU #6 at 200 mbar was not considered in this calculation. The small  values indicate that the sensors provide sufficient measurement resolution. 
Regression Relationships
Before developing the regression relationships, the temperature effect on measurements was corrected to 20 C. As such, future field observations at different temperatures will need to be corrected to 20 C as well for the use of these relationships.
The relationship between soil matric potential, h (-m), and temperature changes, T (C), for the HDUs is described by an exponential equation:
The relationship between soil matric potential, h (-m), and resistance, R (kOhm), for Watermark sensors is described by a quadratic equation:
The coefficients for the regression relationships for the calibrated sensors are summarized in Table 4 . The high R 2 values (>0.97) indicate very significant correlation at 99% confidence level for HDUs. The nonlinear correlation for the Watermark sensors was not tested statistically, but the correlation is better than a linear one at 99% confidence level. Note that the measurement for HDU #6 at 200 mbar was not considered in the regression. 
Evaluation of Sensor Calibration
 All the sensors listed in Table 4 were calibrated according to the approved procedure OP-DVZ-SX-001, Rev 1.0, Calibration of Heat Dissipation Units and Watermark Water Potential Sensors using the Pressure Chamber Apparatus, which is given in Appendix A of this report and the calibration was compliant with the procedure.
-The procedure was approved by WRPS on 10/31/2017. The calibration started on 11/3/2017.
-The procedure requires at least 4 pressures in the calibration. In the actual work, observations were obtained for 5 pressures.
-The data for the calibration were complete.
 The calibration meets the requirements stated in the Statement of Work. A total of 11 HDUs and 1 Watermark sensor are needed for the SX soil moisture monitoring. A total of 13 HDUs and 2 Watermark sensors were calibrated. The extra 2 HDUs and 1 Watermark were spare sensors.
 HDU #6 did not respond at 200-mbar pressure, indicating this sensor has a higher air entry pressure than other HDUs. This means HDU #6 will not respond in the field when the soil is wetter than the condition of -200 mbar of matric potential. During the installation, a calibrated spare HDU may be used as a replacement for HDU #6.
 The wire lengths of the calibrated sensors have been verified for use in the SX tank farm as described in the Statement of Work.
 The regressions between measurements and soil matric potential show very significant correlation at 99% confidence level.
Comparison with Other Available Calibrations
Calibration of HDUs has been reported in . The calibration of the HDUs for the T and TY tank farms is reported in Zhang et al. (2010) . Comparison of calibration results for HDUs is shown in Figure 4 . The results for the SX HDUs are very close to that from and similar to that for the TY farm, and hence are acceptable. For the Watermark soil matric potential sensors, a default calibration relationship is provided by the vendor (Section 7.3.2 of CSI 2017). The water potential (WP, kPa) is calculated from resistance (R, kOhm) by the default calibration relationship as:
where a = -0.00279 b = 0.19109 c = 3.71485 d = 6.73956
A regression was reported in Thomson et al. (1996) . The vendor's and the Thomson calibrations differ substantially, while the calibration results in this report are either close to the vendor's calibration or the Thomson calibration ( Figure 5 ). These differences could be due to the variation of sensor properties. Hence, the calibration given by Eq. (3) is acceptable. 
Instrument Layout
This section describes the layout and installation of HDUs and Watermark sensors and their functionality after the data acquisition system was in operation.
The instrument nests are referred to as Monitoring Station #1 for the south ISB and #2 for the north ISB in the H-14-109447-Sheet7-R0. The locations of these two stations (nests) are shown in Figure 6 These instrument nests are referred to as the Nest SX1 for the south ISB and Nest SX2 for the north ISB. The sensors were installed per the procedures given in Appendix B.
 Instrument Nest SX1 for the south ISB consist of two sensor arrays:
-Array A: The HDUs are located at depths of 1, 2, 3, and 5 m. This array is referred to as the sensor Array SX1A.
-Array B: The HDUs are located at depths of 10, 15, and 20 m. The Watermark sensor is located at 1-m depth. This array is referred to as the sensor Array SX1B.
 Instrument Nest SX2 for the north ISB consists of one HDU array. The HDUs are located at depths of 1, 3, 5, and 10 m. This array are referred to as the sensor Array SX2. The sensor depths for each of the instrument nests are summarized in Tables 5, 6 and 7 per table 1 The layouts and  depths in Tables 5, 6 , and 7 correspond to plots H, G, and J, respectively, in drawing H-14-109447-Sheet7-R0. Note that HDU #13 (S/N15602) was a replacement of #7 (S/N15601), which was damaged during installation. 
Monitoring Plan and Data Files
This section presents a monitoring plan to document vadose zone response to the placement of an ISB in the SX tank farm.
Data Acquisition System
A data acquisition system was installed for each of the instrument nests per procedures given in Section B.4 of Appendix B. The dataloggers were equipped with the corresponding programs (i.e., SX1_Monitor.CR1 and SX2_Monitor.CR1) given in Appendix C.
After the data acquisition system was set up, it was initiated per procedures in Section B.5. The data can be retrieved outside of the SX farm fence wirelessly per procedures given in Section B.6. The data acquisition system started in operation in September 2019.
For both monitoring nests, each sensor is logged once every 12 hours, at 9:00 am and 9:00 pm. These times can be changed as needed by modifying the datalogger programs. The data are stored in the dataloggers associated with the corresponding monitoring nest. The data can be retrieved at any desired time from the dataloggers to a computer via wireless radio communication without entering the SX farm.
The CR1000 datalogger has the 2 MB for program and data storage.
Data Files
The data from the dataloggers are in ASCII format and are treated as raw data, which are the measurements at the sensor temperature. Proper temperature correction is needed before converting the data into soil matric potential using Eq.
(2) for HDUs and (3) for the Watermark sensor.
The raw data are reviewed before they are archived. When the data are incomplete, the data can be reretrieved from the dataloggers. The files from the instrument nests have the same or similar format as described below. However, the file formats are subject to change if needed. The actual format of each data file is described in a data-configuration-information file, which is prepared when a data file is archived.
The retrieved data will be stored in two files, which include comma-delimited data, for the two monitoring nests. Each file contains four rows of headings and multiple rows of comma-delimited data measured at different times. The first heading row contains relevant information about the monitoring environment for the nest and is described in Table 8 . The second and third rows contain the symbols and units corresponding to the variable of each column and are described in Table 9 for monitoring Nest SX1 and Table 10 for SX2. The fourth row contains entries describing the type of processing performed in the CR1000 to produce corresponding data, e.g., Smp indicates samples, Min indicates minima.
Each data row corresponds to a logging of all the sensors for the corresponding monitoring station. The columns of the data for the two monitoring stations (nests) are different and are described in Table 9 for monitoring Nest SX1 and Table 10 for SX2. 
A.1 Introduction
A.1.1 Purpose
This procedure describes the calibration of the Heat Dissipation Unit 
A.1.2
Scope/Applicability
This procedure applies to the general calibration of the heat dissipation units (CSI Model 229 Heat-Dissipation Matric Water Potential Sensor) and the Watermark sensors (CSI Model 257-L Soil Matric Potential Sensor) designed for soil matric potential measurements.
A.1.3
Definitions
Heat Dissipation Unit is manufactured by CSI and is called "229 Heat Dissipation Matric Water Potential Sensor."
A.2 Work Instructions
This work includes two parts: 1) HDU normalization and 2) HDU and Watermark sensor calibration. The calibration establishes a relationship between the sensor output and soil matric potential. It is planned to be performed only once, prior to the burial of the sensors.
Use a calibrated pressure controller that is accurate to ±1.25 mbar between 0.1 to 0.9 bar to measure and control pressures in the pressure chamber apparatus. Prior to each use of the pressure controller verify that it is:
 properly labeled with a valid sticker from the calibrator;
PNNL-PNNL-29136 RPT-DVZ-SX-0002
 within its calibration period for the period it will be used;
 operational and not damaged (i.e., it will display a zero when it is turned on and there is no visual damage);
 properly suited for the intended purpose (i.e. accurate to ±1.25 mbar between 0.1 to 0.9 bar).
Calibration of the HDUs and the Watermark sensors will be recorded on Exhibit A.
The following procedures were developed based on Reece (1996) , , and Thomson and Armstrong (1987) .
A.3 HDU Normalization
The following procedures were developed based on .
1) Dry the HDUs. First, air dry the HDUs in the laboratory for at least 24 hours. Then place the HDUs in a sealed desiccator and allow to equilibrate for a minimum of 24 hours. A type of indicating desiccant will be used. The drying processing is complete if the desiccant still shows the dry color after 24 hours. Otherwise, replace the used desiccant with dry desiccant and repeat the process.
2) Measure temperature rise of each HDU for dry HDU ceramic. Measure temperature rise using a heating time to be used for the field measurements, 30 seconds for this case.
i. Hook up the sensors and the data requisition system including a datalogger, a 12-V power supply, and a laptop equipped with LoggerNet.
ii. Take measurements of temperature changes for HDUs and resistance for Watermark sensors using LoggerNet.
iii. Download data using LoggerNet and record relevant information using Exhibit A.
3) Wet the HDUs. Place the HDUs in de-aired water under vacuum of -0.3 bar or less and allow to equilibrate for a minimum of 24 hours. De-aired water can be made under vacuum of -0.3 bar or less until air bubbles are no longer visible. The sensors do not have to be disconnected from the data requisition system when being wetted. 4) Measure HDU temperature rise for saturated HDU ceramic. Measure temperature rise using the same heating time to be used for the field measurements, 30 seconds for this case.
i. Hook up the sensors and the data requisition system if it has not been done.
ii. Start datalogger program LoggerNet to take measurements of temperature changes for HDUs and resistance for Watermark sensors.
A.4 HDU and Watermark Sensor Calibration
The following procedures were developed based on Reece (1996) and Thomson and Armstrong (1987) . The HDUs and Watermark sensors can be calibrated at the same time. For automated data logging during the process, a datalogger program will be prepared and approved before sensor calibration. Figure A. 2 is a schematic showing the main components of the calibration system. ii. Watermark sensors: Place the Watermark sensors in de-aired water for 24 hours. Remove the Watermark sensors from water and allow to air dry for 48 hours. Re-wet Watermark sensors in de-aired water for 24 hours.
iii. Saturate the 1-bar ceramic pressure plate. Connect the outlet of the plate to a water source and fill the space between the rubber backing sheet and the porous plate. When about 2/3 or more of the space is filled, disconnect the supply tubing and remove the air from the space between the plate and the rubber sheet. Terminate the filing process once the rubber backing sheet is extended about 2 cm. Let the plate sit until considerable sweating of the ceramic plate is observed. Place the plate under water for use.
iv. Make sufficient (about 2 L) slurry of loam soil by mixing it with water (about 2 L of soil with 1 L of water; more water can be added if necessary).
2) Arrange sensors in the pressure chamber apparatus i. Drain most of the water from the space between the plate and the rubber sheet and make sure no air will enter this space. Place ceramic plate in the pressure chamber apparatus. Connect one end of the pressure tubing to the plate and the other end to the inside end of the pressure chamber outlet. Make sure that the tubing on the outside end of the pressure chamber outlet is submerged under water (e.g., in a water-filled beaker or other type of container, which sits in a larger open container; the latter is used to catch overflow).
ii. Lay a thin (a few mm) layer of soil slurry on the ceramic plate. Note that the calibration is independent of the type or quantity of soil used.
iii. Arrange the sensors (i.e., HDUs and the Watermark) horizontally in the soil on the ceramic plate. The adjacent sensors should not contact each other. iv. Add more soil slurry to cover the sensors. Ensure good contact among the sensors, ceramic plate, and soil. Wires from the sensors should be routed through pressure fittings to the datalogger.
v. Seal the top of the pressure chamber and attach to pressure controller and a pressure release valve. Connect the pressure controller to the supply of pressurized air.
3) Set up and start the data logging system i. Hook up the sensors with the data requisition system, including a datalogger, a 12-V power supply, and a laptop equipped with LoggerNet.
ii. Upload the approved program "HDU_CAL.CR3" to the datalogger.
iii. Start the datalogging and take measurement of temperature changes for HDUs using the same heating time to be used for the field measurements (30 seconds) and resistance for Watermark sensors hourly or more frequently. 4) Set pressure to first pressure between 100 and 900 mbar, starting from the lowest. Record the pressure shown at the pressure controller. With the air supply, pressure controller, pressure release valve, and the pressure chamber hooked up, turn on the air supply. The pressure will desaturate the soil and sensors. Note that excessive (generally uncountable) air bubbling from the outflow tubing is an indication of a leak in the porous plate. If a leak occurs, measurements should be stopped and restarted with another porous plate.
5)
Keep the pressure until all the measurements stop changing with time. The suggested pressures are 150, 300, 500, 700, and 900 mbar. However, the pressures can be different from these values as long as they are within the range between 100 and 900 mbar and reasonably represent the low, intermediate, and high pressures. It usually takes several hours at low pressure and several days at high pressure for the system to reach equilibrium. At equilibrium, pinch the outlet water tube with a clamp (to prevent water flow back to the outlet) and release the pressure by setting the pressure controller to zero. Let the data collection continue for three cycles or more. Record relevant information using Exhibit A. Then remove the clamp on the outlet water tube so water can move freely.
6) Repeat steps 4) and 5) using incrementally larger pressures. Obtain a minimum of four calibration points within the pressure range between 100 and 900 mbar. 7) Stop the measuring system when all measurements are completed.
i. Turn off the air supply.
ii. Slowly release the pressure from using the set point on the Alicat pressure controller (set pressure to zero).
iii. Download data from datalogger, record relevant information using Exhibit A, and stop the datalogging system.  Instrument Nest SX2 for the North SX barrier shall consist of one HDU array. The HDUs are located at depths of 1, 3, 5, and 10 m. This array will be referred to as the sensor Array SX2.
Exhibit A. M&TE information in normalization and/or calibration of the HDUs and the
NOTE
The instrument nests are referred to as Monitoring Station #1 for the south barrier and #2 for the north barrier in the H-14-109447-Sheet7-R0.
The sensor depths for each of the instrument nests are summarized in 
B.1 Before Installation
Moist silica flour preparation. Mix approximately 5 kg (11 lb) of 120-mesh silica flour with approximately 1 L (~0.25 gal) of water in a bucket. Add more silica flour or water as needed so the mixture is in a moist state. Cover the bucket with a lid to prevent the silica flour from drying. Mix more moist silica flour as needed.
Sensor preparation. All the sensors are to be kept in a moist condition (e.g., water or silt loam slurry) for at least 24 hours.
B.2 Installation Procedures
NOTE: The operation of the hydraulic hammer to create a borehole is beyond the scope of the procedure.
A diagram of sensor installation and packing material layering scheme is shown in Figure B .1.
1. Determine the locations of the monitoring nest based on Figure B. 8. If the sensor is out of the position of the silica flour, repeat steps 6 and 7. Now the total thickness of the silica flour is larger than the thickness shown in H-14-109447-Sheet7-R0. This is acceptable if the difference is no more than 0.2 m (8 in.). The ground-level mark at the wire is also higher by the thickness of the additional silica flour. 'TCDiff is a command to measure a thermocouple. This command measures 'all 7 thermocouples at once using T_Ref as a reference as described in 'the HDU manual. TCDiff(Ti(),Num229,mV25C,1,TypeT,T_Ref,true,0,_60Hz,1,0) 'PortSet (1,1) turns on control port 1 (C1) so that the heaters for the 'HDU's turn on and the thermocouples within the HDU's are measured after 'the heaters are on for 1 second, but only the HDU's that have heaters 'controlled by C1. PortSet (1,1) Delay (0,1,Sec) TCDiff(T_1sec(),Num229,mV25C,1,TypeT,T_Ref,True,0,_60hz,1,0) 'After 30 seconds these HDU's that have the heaters turned on are 'measured again after 30 seconds and C1 is then turned off (Portset(1,0) ). Delay(0,29,Sec) TCDiff(T_30sec(),Num229,mV25C,1,typeT,T_Ref,True,0,_60hz,1,0) PortSet(1,0) 'The "For loop" below calculates delta temperature (dT) between the 30 'and the 1 second thermocouple measurements of the HDU's seen above For LoopCount=1 To Num229 dT(LoopCount)=T_30sec(LoopCount)-T_1sec(LoopCount) Next LoopCount EndIf '"CallTable" writes the current measured parameters with a the appropriate 'timestamp in the table called "Sensor_Cal", which when collected via '"LoggerNet" will write a text file called "SX2_Monitor_SX2_Data.dat" CallTable(SX2_Data) '"Flag (1)" is then called "false" again until it is manually called "true" 'via "LoggerNet" or if 12 hours have past since the last measurement. 'Note that if manually called sufficient time must be given between 'measurements so to reach thermal equilibrium. Flag(1)=False 'scan repeats every 30 seconds NextScan EndProg
